INTRODUCTION
The results of studies on the transformations and balance of phosphorus compounds have shown so far that the size of the losses of this component from agricultural lands to the natural environment generally does not exceed 3-5% of the applied dose of this component [Szara et al. 2004; Paulter and Sims 2000] . The size of these losses is of little economic significance. However, even a small amount of phosphorus compounds released from the agrocenosis is a significant threat to the natural environment, including the quality of surface waters [McDowell et al. 2001; Sharpley 1995; Paulter and Sims 2000] . Soluble phosphorus compounds, adsorbed on the particles of the solid phase of the soil (associated with soil organic matter), are dispersed from the soil to the natural environment through surface and subsurface runoff, and to a lesser extent through leaching deeper into the soil profile. According to Sharpley [1995] and Heathwaite and Dils [2000] , the main mechanism of phosphorus dispersion from farmland is surface runoff, accompanied by soil erosion. This opinion has been confirmed by the results of Polish research on the movement of phosphorus compounds from the soil to the hydrosphere [Ga³czyñska et al. 2002; Igras 2001] . The studies showed a small outflow of phosphates from farmland with drainage waters and relatively high levels of phosphates in surface waters watercourses and reservoirs of agricultural catchment areas.
As an indicator of the assessment of the risk of phosphorus losses from the soil, the degree of soil saturation with phosphorus has been adopted. It is defined as the share of phosphorus actually absorbed in the soil in the total soil sorption capacity for phosphorus. To determine the size of this parameter in acidic soils, soil extraction with a solution of acid ammonium oxalate is commonly used. The amount of the phosphates extracted by this method corresponds to the amount of the absorbed (mobile) fraction of phosphorus in the soil. On the other hand, for the assessment of the sorption capacity of a soil the most commonly used is the sum of amorphous and poorly crystallized compounds of aluminium and iron extracted from it with the same solution. This meTHE USE OF PHOSPHORUS SORPTION PARAMETERS IN THE MONITORING OF POTENTIAL EMISSIONS ... methods, attempts have been made to use other means to assess soil saturation with phosphorus. To this end, the levels of absorbed phosphorus are also determined by standard agronomic tests, relied on in fertilization recommendations (e.g. the Olsens or Egners AL methods), as well as electro-ultrafiltration or isotopic and ion exchange methods. By contrast, to determine sorption capacity, use is made of estimates derived with the help of sorption isotherms or sorption indices [Börling 2004; Ehlert et al. 2003; Torrent and Ndelgado 2001] . Regardless of the method of determining the degree of soil saturation with phosphorus, it is important that the value of this characteristic be well correlated with the amount of phosphorus that is mobilized and leached out from the soil.
According to Pautler and Sims [2000] , Hooda [2001] and Börling [2004] , the amount of phosphorus compounds which can be mobilized and lost from the soil should be determined in lysimeter studies or by measuring the size of the active phosphorus fraction in the soil (in an aqueous extract or 0.01 M CaCl 2 ). According to these authors, the usefulness of agro-chemical tests for assessing the environmental effects of fertilization with phosphorus is very limited because of the unique combination of pedo-climatic factors influencing the sorption properties of agricultural soils and transformations of the compounds that make up the mobile phosphorus fraction in the soil. Therefore, in Poland, like in other countries, research should be undertaken to develop appropriate indicators that could easily, and at the same time effectively, be used in the monitoring of agricultural soils and in the protection of the environment against emissions of phosphorus compounds from the agricultural production space to the hydrosphere.
The aim of this study was to assess the usefulness of various methods of determining the sorption properties of soils in relation to phosphorus in selected agricultural soils typical of Polish conditions in the context of the risk of contamination of the natural environment with this component.
MATERIAL AND METHODS
The tests were carried out on soil samples taken from the arable layer of cultivated soils from 22 farms located in the Mazovia province. The soil samples were collected in the autumn of 2009 after harvesting crops. The farms were selected to represent different specializations (organic production, growing of crops, breeding of cattle, pigs and poultry) and most of all to represent different levels of soil available phosphorus. The soil samples were tested in terms of the basic physicochemical properties: granulometric composition, pH, organic carbon content, exchangeable cation content, hydrolytic acidity and the level of available phosphorus (P E-R ), as well as the parameters that characterize the soil sorption properties for phosphorus using the classical methods of equilibrating the soils with solutions containing known concentrations of phosphorus, as described in the work by Szara et al. [2011] . The results of soil sorption capacity (S max ) presented in that work are used here as a reference parameter necessary to achieve the objective of the present study (table 1 The amounts of aluminium and iron in the extracts were measured with ASA. Phosphorus concentration was determined by a spectrophotometer using the molybdenum-blue ascorbic method.
Based on the results, the degrees of soil saturation with phosphorus were calculated: P E-R /S max (P sat1 ); P E-R /PSI 36 (P sat2 ), where P E-R and S max were expressed in mg kg -1 of soil. However, in the case of P M3 / Al M3 +Fe M3 (P sat3 ), P ox /Al ox +Fe ox (P sat4 ), P E-R / Al M3 +Fe M3 (P sat5 ), and P E-R /Al ox +Fe ox (P sat6 ) the amounts of all the elements were expressed in mmol kg 1 of soil.
Using the Statgraphics 5.0 statistical program, correlation coefficients for the analyzed parameters were established.
RESULTS AND DISCUSSION
The sorption capacity of soils for phosphorus results from the combined action of many soil-related factors. As numerous studies have shown, a dominant role in the determination of sorption capacity of acid soils for phosphorus is played by amorphous or poorly crystallized oxides and hydrated oxides of iron and aluminium [Lookman et al. 1995; Makris et al. 2005 ]. In the case of the tested soils, both the amount of aluminium (Al ox ) and that of iron (Fe ox ) extracted with a solution of acid ammonium oxalate were significantly correlated with the sorption capacity of the soils (S max ) ( Table 2) . The correlation coefficient, however, was higher in the case of the sum of these two elements than for each of these elements considered separately (Table 3) . On this basis, it can be assumed that the sum of Al ox and Fe ox is a parameter that characterizes the sorption capacity of an acidic soil better than the amount of either of its components. The sum of the extracted amounts of iron and aluminium, which ranged from 27 to 86 mmol kg 1 for the tested soils, greatly exceeded their maximum capacity for phosphorus determined with the Langmuir model, which was 9.5 mmol P kg 1 [Szara et al. 2011] . Similar amounts of Al ox and Fe ox are characteristic of Dutch soils with a texture similar to the tested soils [Lookman et al. 1995] . Considerably larger amounts of these elements have been found in Irish soils (217 mmol kg 1 soil) and Finnish soils (120510 mmol kg 1 soil) [Lookman et al. 1995; Maguire et al. 2001; Uusitalo and Tuhkanen 2000] . It is believed that the total amount of iron and aluminium extracted with an acid ammonium oxalate solution is not responsible for the sorption of phosphates. This solution, apart from the amorphous and poorly crystallized iron and aluminium compounds, and their complexes with the organic substance active in the process of phosphorus sorption, also releases from the soil certain amounts of these elements from the crystalline forms of their oxides, as well as from other minerals not involved in the binding of this element.
Therefore, when determining the sorption capacity of soils on the basis of the amounts of Fe ox and Al ox a correction factor is introduced. In light acidic soils it varies between 0.4 and 0.6, and when interpreting results the average value of a = 0.5 is usually adopted [Koopmans et al. 2002] . This factor should, however, be determined experimentally for specific soil and climate conditions [10] . The obtained results allow the conclusion that in the case of Polish soils, this factor can take much lower values. The quotient of S max and S(Al ox and Fe ox ) for the tested soils ranged in fact from 0.07 to 0.12, with an average of 0.1. A similar share of active, in a sorptive way, forms of Al ox and Fe ox in poorly weathered, relatively young Finnish soils was also obtained by Uusitalo and Tuhkanen [2000] .
In the US and Canada, the Mehlich-3 solution and the amounts of Al M3 and Fe M3 extracted with it are used for assessing the sorption properties of soils for phosphorus. Numerous studies have shown that this method is well correlated with the oxalate method Zhang et al. 2005 ]. In the case of the results presented here, the sum of Fe M3 and Al M3 TABLE 1. Amounts of Al, Fe and P (mmol kg -1 soil) extracted with the Mehlich-3 (Al M3 , Fe M3 , P M3 ) and ammonium oxalate (Al ox , Fe ox , P ox ) solutions, and the maximum sorption capacity (S max , mg kg -1 soil)*, sorption index (PSI 36 , dm 3 mg 1 )* and the available phosphorus content (P E-R , mg kg -1 soil)* *Parameters taken from the work by Szara et al. [2011] . extracted with the Mehlich-3 solution was also significantly correlated with both, the maximum soil sorption capacity (S max ) and the sum of these elements in the ammonium oxalate extract, with the corresponding correlation coefficients of 0.61 and 0.58 (p<0.01) ( Table 2 ). The amounts of aluminium determined in both extracts were closely correlated (r = 0.93**). However, there was no evidence of the existence of a relationship between the amounts of Fe M3 and Fe ox , and of a direct impact of the iron content in the Mehlich-3 extract on the sorption capacity of the tested soils ( Table 1) . Similar results were also obtained in some American and Canadian soils, suggesting the use in those cases of only the amount of Al M3 as a determinant of the sorption capacity of those soils for phosphorus [Khiari et al. 2000] . The unequal share of aluminium and iron compounds in the process of phosphate sorption may be due to the deposition of iron oxides in the soil in the form of mineral concretions with a smaller sorptive surface. An increase in the sorptive surface, however, takes place during the deposition of aluminium oxides and hydroxides on the surface of mineral particles, mainly clay [Niskanen 1990 ].
For all the elements determined in this study, the Mehlich-3 solution proved to be a weaker extractant than the solution of ammonium oxalate. The Al M3 / Al ox ratio was 0.82 on average, 0.3 in the case of Fe M3 / Fe ox , and 0.4 for P M3 /P ox . Similar relationships in the effectiveness of these two solutions have also been observed by other researchers [Dangelo 2003; Ige et al. 2007; Maguire and Sims 2002; Zhang et al. 2005] Relying solely on soil tests that determine the amount of phosphorus available to plants as an indicator of soil susceptibility to leaching of phosphorus compounds is of little use. Research conducted to determine the so-called point of change, i.e. the soil test value above which there is a sharp increase in the amount of phosphorus leaching from the soil, has not yielded the expected results. Even if such a point had been established, this value would have been determined individually for each soil and thus would not have a broader practical application [Heckrath and Brookes 2000; Kleinman and Sharply 2002; Koopmans et al. 2002] . As a universal indicator of a soils susceptibility to the accumulation or loss of phosphorus it was proposed to adopt the degree of soil saturation with this element, understood as the share of absorbed (mobile) phosphorus in the total soil capacity of the soil for this element. There are several methods for determining the amount of absorbed phosphorus and the capacity of soils for phosphorus, and therefore many different ways of determining this particular indicator [Börling et al. 2001; Torrent and Ndelgado 2001] . The most useful methods seem to be those that use the same solution both to assess the soil sorption capacity and to determine the level of mobile phosphorus in the soil. In the Netherlands and several other countries such solution for estimating the degree of saturation of light acidic soils with phosphorus is the already mentioned solution of ammonium oxalate with a pH = 3 [Beuchemin and Simirad 1999] . Its usefulness has also been confirmed for acidic soils with high levels of clayey components and organic substances occurring in Ireland [Maguire et al. 2001] . On the basis of the extracted amounts of Al ox , Fe ox and P ox (mmol×kg 1 ), P sat is calculated as P ox ×100 / a [Al ox +Fe ox ]. However, in the case of Polish soils, as indicated earlier, the size of the factor á requires a detailed study, the results of which will specify its value more precisely. Therefore, this factor was omitted here in the calculation of P sat , following the example of other publications [Schoumans 2000 ]. In the same way it is possible to make an assessment of the degree of soil saturation with phosphorus by using the Mehlich-3 solution for the extraction of aluminium, iron and phosphorus. This method is widely used in North America. It is well correlated with the oxalate method Zhang 2005] . The relationship demonstrated here between S(Fe and Al), determined in both ammonium oxalate and Mehlich-3 extracts, and S max provides a basis for the use of these values to determine the degree of soil saturation with phosphorus. For this purpose, the amount of mobile phosphorus in the tested soils was also determined using the above solutions. The phosphorus content in the Mehlich-3 extract ranged from 0.22 to 6.52 mmol P×kg 1 of soil. Much larger quantities of this element were found in the solution of acid ammonium oxalate (518 mmol P×kg 1 soil). In both cases, the amount of phosphorus determined was higher but significantly correlated with the amount of this element determined by the EgnerRiehm method (r = 0.66** for P ox and r = 0.67** for P M3 ). The degrees of saturation of the tested soils with TABLE 2. Correlation coefficients (r) for Al, Fe and P extracted in the Mehlich-3 (Al M3 , Fe M3 , P M3 ) and ammonium oxalate (Al ox , Fe ox , P ox ) solutions, and the maximum sorption capacity (S max ), sorption index (PSI 36 ), and the available phosphorus content (P E-R )
Objanienia Explanations: n.s. not significant, * significant at p<0.05, ** significant at p <0.01. phosphorus determined by the Mehlich-3 (P sat5 ) method ranged from 0.01 to 0.396 (1 to 39.6%) and were close to the saturation indices obtained with the method based on acid ammonium oxalate (P sat6 ), which ranged from 0.025 to 0.36 (2.5 to 36%) (Table 4) . Dutch regulations provide for an acceptable soil saturation with phosphorus at 25% to 40% depending on the depth of the groundwater, which is equivalent to the amount of 0.1 mg P×dm 3 contained in them [Beuchemin and Simirad 1999] . It has been provisionally established that this corresponds to a saturation level of 10 to 15% as determined with the Mehlich-3 solution in U.S. soils . In Polish conditions, determination of this critical point of saturation with phosphorus using these two methods seems to be more useful from an environmental perspective but less useful from the standpoint of fertilization recommendations. Neither of these solutions is a standard solution provided for the assessment of the levels of phosphorus in Polish soils. In this study, an attempt was therefore made to determine the coefficient of saturation on the basis of the amount of mobile phosphorus determined with the Egner-Riehm (P E-R ) method. When using S max (mg P×kg 1 ), determined from the Langmuir equation, and P E-R (mg P×kg 1 ) [Szara et al. 2011] , the coefficient of soil saturation with phosphorus (P sat1 ) had relatively high values (from 0.13 to values exceeding 1), which may indicate that in these soils the maximum sorption capacity had been exceeded. It must be remembered, however, that in the case of the Langmuir model the value of S max determined for soils with high levels of fertilization may be underestimated in relation to the actual value. This, however, does not alter the fact that in the case of soil samples No. 18 and 19, in which the amounts of P E-R were the highest (198 and 121 mg P×kg 1 soil) among the tested soils, the safe level of mobile phosphorus content had been exceeded, resulting in the highest levels of active forms of phosphorus (Table  1) . Taking the results of the determinations of phosphorus by the Egner-Riehm method (P E-R mg P kg 1 soil) as a measure of mobile (absorbed) phosphorus, the degree of saturation (P sat2 ) was also calculated based on the estimation of the sorption capacity of the tested soils by means of the sorption index (PSI 36 = S / log C) obtained on the basis of the results of a single equilibration of the soils with a solution containing 36 mg P×kg 1 . It has also been proposed to determine the share of available phosphorus (P E-R , mmol×kg 1 ) in the sorption capacity calculated on the basis of the SAl and Fe (mmol·kg 1 ) content in the Mehlich-3 (P sat5 ) and ammonium oxalate (P sat6 ) solutions. The values of the P sat5 index ranged from 2 to 31% and were generally lower than the values of P sat6 (252%).
Regardless of the method of determining the degree of soil saturation with phosphorus it is important that this value be well correlated with the amount of phosphorus that is mobilized and lost from the soil. Only then can it fulfil its role in the assessment of the risk of pollution of the environment with this element. An assessment of the amount of phosphorus that could potentially be mobilized from the soil and lost through surface or subsurface runoff, or leaching, is carried out on the basis of the amounts of phosphorus extracted in 0.01 M CaCl 2 or in an aqueous extract [Hooda et al. 2001; Paulter and Sims 2000] . In this study, the amounts of soil phosphorus determined in the CaCl 2 extract ranged from 0.32 to 9.39 mg×kg 1 of soil. In general, this represented about 1/3 of the amount of this element determined in the aqueous extract (0.8123.4 mg×kg 1 soil). Explanations: P sat1 P E-R /S max ; P sat2 P E-R /PSI 36 ; P sat3 P M3 /Al M3 +Fe M3 ; 
